Portland State University

PDXScholar
Environmental Science and Management
Faculty Publications and Presentations

Environmental Science and Management

2014

Multimodel Simulations of Forest Harvesting Effects
on Long-Term Productivity and CN Cycling in Aspen
Forests
Fugui Wang
University of Wisconsin-Madison

David J. Mladenoff
University of Wisconsin-Madison

Jodi A. Forrester
University of Wisconsin-Madison

Juan A. Blanco
University of British Columbia

Robert M. Scheller
Portland State University
Follow this and additional works at: https://pdxscholar.library.pdx.edu/esm_fac

SeePart
nextof
page
additional authors
the for
Environmental
Sciences Commons, and the Forest Sciences Commons

Let us know how access to this document benefits you.
Citation Details
Fugui Wang, David J. Mladenoff, Jodi A. Forrester, Juan A. Blanco, Robert M. Scheller, Scott D. Peckham,
Cindy Keough, Melissa S. Lucash, and Stith T. Gower 2014. Multimodel Simulations of Forest Harvesting
Effects on Long-Term Productivity and CN Cycling in Aspen Forests. Ecological Applications
24:1374–1389.

This Article is brought to you for free and open access. It has been accepted for inclusion in Environmental Science
and Management Faculty Publications and Presentations by an authorized administrator of PDXScholar. Please
contact us if we can make this document more accessible: pdxscholar@pdx.edu.

Authors
Fugui Wang, David J. Mladenoff, Jodi A. Forrester, Juan A. Blanco, Robert M. Scheller, Scott D. Peckham,
Cindy Keough, and Melissa S. Lucash

This article is available at PDXScholar: https://pdxscholar.library.pdx.edu/esm_fac/26

Ecological Applications, 24(6), 2014, pp. 1374–1389
Ó 2014 by the Ecological Society of America

Multimodel simulations of forest harvesting effects on long-term
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Abstract. The effects of forest management on soil carbon (C) and nitrogen (N) dynamics
vary by harvest type and species. We simulated long-term effects of bole-only harvesting of
aspen (Populus tremuloides) on stand productivity and interaction of CN cycles with a multiple
model approach. Five models, Biome-BGC, CENTURY, FORECAST, LANDIS-II with
Century-based soil dynamics, and PnET-CN, were run for 350 yr with seven harvesting events
on nutrient-poor, sandy soils representing northwestern Wisconsin, United States. Twenty CN
state and ﬂux variables were summarized from the models’ outputs and statistically analyzed
using ordination and variance analysis methods. The multiple models’ averages suggest that
bole-only harvest would not signiﬁcantly affect long-term site productivity of aspen, though
declines in soil organic matter and soil N were signiﬁcant. Along with direct N removal by
harvesting, extensive leaching after harvesting before canopy closure was another major cause
of N depletion. These ﬁve models were notably different in output values of the 20 variables
examined, although there were some similarities for certain variables. PnET-CN produced
unique results for every variable, and CENTURY showed fewer outliers and similar temporal
patterns to the mean of all models. In general, we demonstrated that when there are no sitespeciﬁc data for ﬁne-scale calibration and evaluation of a single model, the multiple model
approach may be a more robust approach for long-term simulations. In addition,
multimodeling may also improve the calibration and evaluation of an individual model.
Key words: aspen forest ecosystem; biogeochemical cycles; bole-only harvest; multiple model
simulation; nitrogen depletion; soil carbon and nitrogen dynamics; Wisconsin, USA.

INTRODUCTION
Forest productivity is determined by potential growth
rate, climate, site quality, and management practices
(Dyck and Cole 1994). Forest management may alter
long-term forest productivity through changes in available resources (e.g., soil N, available water) and stand
composition (Johnson 1994, Stone 2002, Nave et al.
2010). These changes often differ with harvesting
practices (e.g., whole tree vs. conventional bole-only),
timing (e.g., month), type of equipment used for
harvesting, and period and number of harvest rotations.
As a result, differing amounts and types of biomass
residues with varying chemistry (e.g., lignin content) are
left on site (Johnson and Curtis 2001), and many soil
physical properties, such as bulk density and cation
exchange capacity, are affected to various degrees
(Jurgensen et al. 1997). Consequently, the harvest
regime will inﬂuence soil C and N (CN) dynamics and
Manuscript received 30 May 2012; revised 11 October 2013;
accepted 23 January 2014. Corresponding Editor (ad hoc): D.
Moore.
6 E-mail: fwang28@wisc.edu

the potential availability of nutrients for subsequent
forest growth (Olsson et al. 1996, Johnson et al. 2002,
Walmsley et al. 2009, Nave et al. 2010, Jones et al. 2011).
Nutrient-poor sites that are initially low in soil organic
matter (SOM) have been found to be especially
vulnerable to the removal of organic matter resulting
in lower site productivity (Morrison and Foster 1979,
Morrison et al. 1993).
Effects of harvesting on site productivity and soil CN
dynamics have been studied for over 100 years (Johnson
1994, Tiarks et al. 1997). A recent review by Nave et al.
(2010) showed that harvesting reduced soil C by an
average of 8% 6 3% (mean 6 SD; 95% CI) and forest
ﬂoor C by a remarkably consistent 30% 6 6% in
temperate forests around the world. Variations among
the impacts were due to species composition (hardwood
vs. coniferous/mixed), soil taxonomic order, and time
since harvest. Another review by Thiffault et al. (2011)
revealed that negative impacts of biomass harvesting on
soil N are more frequent in the forest ﬂoor than in the
mineral soil. Harvesting had the greatest potential to
inﬂuence tree survival and growth for at least 20 years in
some stands. These reviews show that existing investi-

1374

September 2014

SIMULATIONS OF FOREST HARVESTING EFFECTS

gations on harvesting effects are speciﬁc to certain
ecosystem CN states and ﬂuxes but lack a quantitative
analysis of interactions between CN cycling following
harvesting events, in particular, the long-term mechanism of N cycling and its feedback on C dynamics.
Time since harvest is an important variable when
determining potential long-term effects of harvesting on
forest productivity, since productivity responses to
harvesting may exist beyond the duration of a single
rotation, or an observed change in one rotation may not
necessarily continue in perpetuity (Eisenbies 2006).
Therefore, one-time measurements, lack of long-term
trials, and inappropriate sampling frequency (e.g.,
annual or once over multiple years) may not be sufﬁcient
for making general conclusions regarding long-term
harvesting effects on productivity (Eisenbies 2006).
Chronosequences and retrospective methods have been
used to overcome time limitations in studies of the longterm effects of harvesting, but there are shortcomings to
this approach (Dyck and Cole 1994). Long-term ﬁeld
trials or experiments have been established to produce
controlled, experimental results, but many of these
experiments are too early in their establishment to
provide long-term results.
Ecosystem modeling may be one of the most feasible
ways of estimating the long-lived effects of harvest on
forest CN cycles (Wei et al. 2003). Yet application of an
individual model may be limited by data availability for
calibration, especially when observations of long-term
effects of harvesting on forest productivity and CN
cycles are in short supply. Even if independent data are
available, calibration and recalibration may not be able
to reduce the difference between model outputs and the
data (Zhang et al. 2008). It may be unwise to use results
from only one ecosystem model while simulating effects
of environmental changes on ecosystem dynamics
(Parton 1996). Alternatively, a multiple model approach
can reduce uncertainty where sufﬁcient data for
calibration and evaluation do not exist for every process
and state. The mean value of the output from multiple
models may have the best ﬁt to empirical observations
and provide an acceptable reference point for the
evaluation of individual model performance (Hanson
et al. 2004). For example, the International Panel on
Climate Change (IPCC) has employed outputs of 18
models for assessment of climate change in the future
(IPCC 2007), and Knutti et al. (2010) suggested that an
average of the models’ simulations of different emission
scenarios compared better to observations than a single
model. In addition, the average of multiple models
supplies a practical opportunity to evaluate mechanism
of CN interactions because no individual model is
designed to simulate all CN cycles.
We used a multiple model approach to simulate the
effects of bole-only harvesting on productivity, C, and N
cycling in an aspen (Populus tremuloides) forest in the
northern U.S. Lake States. Speciﬁcally, our project was
designed to answer three questions: (1) what are the
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short- and long-term effects of harvesting on forest
productivity on sandy, nutrient poor soil? (2) How does
harvesting affect N dynamics and interactions between
N and C? (3) How and why do the models agree and
disagree in simulating CN cycles when no site-calibration is performed and parameters representing the same
processes/states across the models share the same
values? We used ﬁve models: CENTURY (Parton et
al. 1987, 1988, Sanford et al. 1991); LANDIS-II
(Scheller and Mladenoff 2004, Scheller et al. 2007) with
a Century-derived soil dynamics extension (hereafter
LANDIS-II-Century; Scheller et al. 2011); Biome-BGC
(Running and Hunt 1993, Thornton 1998, White et al.
2000, Thornton et al. 2002); FORECAST (Kimmins et
al. 1990, 1999, Seely et al. 2002); and PnET-CN (Aber
and Federer 1992, Aber and Driscoll 1997, Aber et al.
1997). Our primary purpose is not model comparison
per se, but to describe overall changes in productivity
and nutrient cycling among a group of well used, but
different, modeling approaches.
METHODS
Study area
The aspen site was located in northwest Wisconsin,
USA (between 90835 0 W and 92858 0 W, and 45804 0 N
and 47806 0 N; Fig. 1). Surface elevation ranges from 232
to 390 m. The site has nutrient-poor, sandy soils on
glacial outwash and is considered vulnerable to C
depletion. We selected aspen for our simulation because
it has the highest volume among forest types on these
soils, is the most harvested, and has the most available
published data for model parameters. Though precipitation is sufﬁcient, low annual temperature (average
58C) and a short growing season (98–145 d) limit plant
growth (Wisconsin Department of Natural Resources
1999).
Modeling approach
Model descriptions and comparison.—Biome-BGC,
CENTURY, FORECAST, LANDIS-II-Century, and
PnET-CN have lineages of from less than a decade to 30
years, and most have evolved over time. These models
have been widely used to simulate forest ecosystem
growth and CN dynamics under various disturbances
and management activities, as well as divergent climate
change scenarios. Fundamentally, the models are
different in that Biome-BGC, CENTURY, and PnETCN are stand-level, process-based biogeochemical models, while FORECAST is a hybrid, empirically based
stand growth model with partial process dynamics.
LANDIS-II-Century is a spatially explicit, processbased model that is also a spatially dynamic landscape
model, but here is used only in single-cell mode. We
provide a brief introduction of each model, but a more
detailed comparison of the processes in each model is
provided in Appendix A.
Biome-BGC is an ecosystem process model that
simulates water, C, and N cycles at a daily time step.
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FIG. 1.

Ecological Applications
Vol. 24, No. 6

The sandy Pine Barrens and simulation site in Wisconsin, USA.

The version used in this study (Bond-Lamberty et al.
2005, 2007) was updated from earlier versions (Running
and Hunt 1993, Thornton 1998, White et al. 2000,
Thornton et al. 2002) to allow simulation of multiple,
competing vegetation types and for poorly drained sites.
Biome-BGC incorporates minimal species-speciﬁc data,
which allows it to be used for regional-scale, woody and
herbaceous vegetation research. Dynamics are not
spatial, but the model operates in cells over a gridded
landscape or region. Daily weather conditions, leaf C:N,
and speciﬁc leaf area index (SLA) are variables with
substantial control over ecosystem processes, including
canopy interception, transpiration, respiration, photosynthesis, C allocation, and litterfall (Running and
Coughlan 1988, White et al. 2000).
CENTURY was initially developed to analyze SOM
dynamics in grassland, agricultural lands, and savanna
ecosystems in response to changes in management and
climate (Parton et al. 1987, 1988). Sanford et al. (1991)
developed a forest submodel for CENTURY to examine
impacts of hurricanes on soil nutrient availability and
pool sizes, as well as forest productivity. The model
simulates the ﬂow of C, N, phosphorus (P), and sulfur
(S) through plant litter and the different inorganic and
organic soil pools. We applied CENTURY version 4.5
(C. Keough and W. Parton, unpublished program). This
version includes several recent improvements. For
example, two parameters, maximum annual net primary
production (NPP) and biomass, are no longer needed as
user-supplied inputs.
PnET-CN (Aber and Driscoll 1997, Aber et al. 1997)
is a simple, lumped parameter model simulating the CN
cycles of temperate and boreal forest ecosystems at the
stand level. It is a successor to PnET-II (Aber and
Federer 1992) with additional litter and SOM compart-

ments, state N variables to all compartments, and N
dynamics including mineralization, nitriﬁcation, uptake,
and leaching. The soil compartment has a simple
structure, with a single soil layer that turns over at a
moderate rate. The model assumes that maximum
photosynthetic rate is a function of foliar N concentration. As compared to PnET-II, foliage nitrogen in
PnET-CN varies annually, depending on availability,
which consequently enables PnET-CN to simulate a
dynamic maximum photosynthetic rate and the effects
of N cycling on forest productivity.
FORECAST combines empirical and processed-based
growth models and simulates production with historical
raw ﬁeld data, which are then modiﬁed by simulated
light and nutrient availabilities (Kimmins et al. 1999). It
uses historical yield data, stand density, and mortality
rate combined with other data and algorithms to
estimate annual NPP (Kimmins et al. 1999). The model
does not account directly for the effect of moisture and
temperature limitations on forest growth (Seely et al.
2002), but it estimates light (shade) effects on production
of foliage and foliage N content; consequently, foliage N
use efﬁciency is corrected for shade and is the major
driving force for simulating potential growth of a given
species in the ecosystem. As compared to other models
described above, FORECAST provides extra options
for users to supply N inputs from weathering and slope
seepage, and enables simulating the internal N cycle
from not only foliage but also other tree components,
such as wood.
LANDIS-II (Scheller and Mladenoff 2005), a successor of LANDIS (Mladenoff et al. 1996, He and
Mladenoff 1999, Mladenoff and He 1999), is a spatially
explicit and stochastic forest landscape model that
simulates broad scale spatial processes and interactions
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of forest succession, seed dispersal, and disturbances
(e.g., ﬁre, wind, management activities) and climate
change. LANDIS-II simulates these processes on a
gridded landscape of cells. Cell size is ﬂexible and chosen
by the user. Trees or shrubs are represented as cohorts
deﬁned by species and age. Each cell can contain
multiple species-age cohorts, and each cohort can be
differentially affected by a disturbance. We used
LANDIS-II v3 (Scheller et al. 2012) with the Century
extension; it is a combination of the LANDIS-II
Biomass Succession extension v2.1 and soil CN dynamics based on CENTURY v4.5 (Scheller et al. 2011).
LANDIS-II-Century uses species-age cohorts with wood
and leaf biomass as the basis for succession and
differential disturbance mortality.
Model input and parameterization.—Climate inputs
drive environmental variables in all models except
FORECAST. In order to compare the harvesting-only
effect on aspen long-term productivity, we utilized
monthly mean climate data (1970–2000) simulated by
parameter–elevation regressions on independent slopes
model (PRISM; available online)7 for CENTURY,
PnET-CN, and LANDIS-II-Century. Biome-BGC runs
on a daily time step and is very sensitive to climate input.
Therefore, we used 24 yr (1980–2003) of daily climate
data estimated from the mountain climate simulator
(MT-CLIM; Thornton and Running 1999). We ran
Biome-BGC 24 times with each year of the climate data
and averaged the 24 sets of outputs as the ﬁnal of the
model simulation. Atmospheric N deposition was
extracted from a data set of N deposition in the United
States, from annual deposition data interpolated from
wet deposition and dry, ambient air concentration
monitoring networks in the United States (Holland et
al. 2005). For our model initializations, N deposition
was 0.509 g Nm2yr1, the sum of the average of wet
deposition collected during 1978–1994 (0.47 g
Nm2yr1) and of dry deposition during 1989–1994
(0.04 g Nm2yr1). The wet deposition was identical to
the mean value obtained from the closest National
Atmospheric Deposition Program monitoring site with
measurements from 1980–2010. Nonsymbiotic N ﬁxation was set to a constant of 0.23 g Nm2yr1, an
average from two studies by Alban et al. (1991) and Son
(2001).
Values for the models’ parameters and site conditions
are derived from multiple sources: peer-reviewed literature, the U.S. Forest Service Forest Inventory and
Analysis (FIA) database (Forest Inventory and Analysis
Program 2010), SSURGO (Soil Survey Geographic
database, available online)8 soil data, and a tree chemical
database (Hessl et al. 2004). To parameterize the model
we (1) located species-speciﬁc values for our target
species, aspen, whenever possible, (2) selected published
values from similar site conditions, (3) searched for
7
8

http://www.prism.oregonstate.edu/
http://websoilsurvey.nrcs.usda.gov
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multiple sources when a parameter range was required,
(4) replicated a parameter value across the ﬁve models,
and (5) did not perform a site calibration because we
lacked site-speciﬁc data for all parameters. Because
Biome-BGC, CENTURY, PnET-CN, and LANDIS-IICentury have several parameters representing the same
ecological process (e.g., carbon allocation), only parameters unique to individual models are listed in Appendices B–E.
The FORECAST model was previously calibrated
with aspen data from Canada (Seely et al. 2002, Welham
et al. 2007). In our simulations, we changed only the
parameters for our site conditions and available aspen
parameters listed for the other four models. Other
parameters, such as site index and stand density by age,
were derived from FIA data in 1983, 1996, and 2001–
2008. We deﬁned three site conditions in the model to
simulate a range of conditions that exist on the sand
plain. The maximum, minimum, and average of the
values at all FIA plots within the sand plain were set to
correspond to the good, moderate, and poor sites
accordingly. In this paper, we present simulation results
for the moderate site only.
Model initializations and simulations.—For initializing
ecosystem models, it is common to run a model for
hundreds or thousands of years to bring the model into
equilibrium to ensure that there is a balance between
input and output ﬂuxes and that the system has
equilibrated to the environmental and site factors
(Thornton and Rosenbloom 2005). This is a typical
approach of steady-state solutions and requires a
threshold (e.g., ,1 g/cm2) to determine if a state
variable reaches a steady state (McGuire et al. 1992).
The steady state can be interpreted as the state at a
certain time of an undisturbed ecosystem (Law et al.
2001). However, forests on our landscape have experienced at least some degree of disturbance from ﬁre,
wind, harvesting, and climate change (Radeloff et al.
1999, Grossmann and Mladenoff 2008). Therefore, a
question arises whether the stable state at equilibrium
can represent the forest and site conditions we intend to
simulate. In addition, standard self-initialization towards a steady state may produce biased and inconsistent predictions resulting in systematically overestimated
CN pools vs. observations (Pietsch and Hasenauer
2006). Besides the steady-state approach, another
approach for initialization is to use observed values of
plant, litter, and SOM pools as initial conditions
(Running and Coughlan 1988). This approach is only
applicable to sites where the necessary state variables
have been measured (Thornton and Rosenbloom 2005),
and therefore, not for large-scale applications where the
information for every site is not commonly available.
Therefore, we took a combination approach of spinup and setting initial values. We applied one particular
variable, soil C, as the indicator of initial conditions of
our ecosystem (Seely et al. 2010). The quantity of SOM
established a baseline for the rate and amount of net N
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TABLE 1. Summarized C and N state and ﬂux variables from the models’ outputs for an aspen forest ecosystem on glacial outwash
plains in Wisconsin, USA.
Variable

Abbreviation

Deﬁnition

Net primary production (g Cm yr )
Live-wood biomass C, N (g CN m2)

NPP
BiomC , VegN

Stem biomass (g C/m2)

StemC

Soil organic matter/soil C, N (g CN m2)
Litter C, N (g C/N m2)
Coarse woody debris C, N (g CN m2)
Net N mineralization (g Nm2yr1)

SoilC , SoilN
LitC, LitN
CwdC , CwdN
Nnetmin

N immobilization (g Nm2yr1)
N uptake (g Nm2yr1)
N leaching (g Nm2yr1)
N volatilization (g Nm2yr1)
N ﬁxation (g Nm2yr1)
Photosynthesis (g Cm2yr1)
Plant respiration (g Cm2yr1)

Nimmob
Nuptake
Nleach
Nvol
Nﬁx

Annual net primary production
C and N in living above- and belowground aspen
compartments at year end, thus no foliage biomass
included
C in stem pool in CENTURY and FORECAST, and 70% of
the large wood component in Biome-BGC and LANDIS-II,
and 80% of the woody component in PnET-CN
Soil C and N summarized from all soil C and N pools
C and N in two litter pools of foliage and ﬁne roots
C and N in dead branch, stem, and coarse root
Annual N net released from the litter, wood detritus, and soil
pools
Annual N immobilized to litter, wood detritus, and soil pools
Annual N uptake by aspen forests
Annual N leaching losses through water drainage
Annual N losses through volatilization
Annual N ﬁxation through nonsymbiotic process
C ﬁxed by photosynthesis
C losses through respiration, including maintenance and
growth respiration
C losses through respiration of microbes in litter, wood
detritus, and soil organic matter pools
A division of NPP by N uptake; the ratio C:N, each
measured as gm2yr1
C and N removed through harvesting

2

1

Heterotrophic respiration (g Cm2yr1)
N use efﬁciency (g CNm2yr1)

NUE

2

Harvested C, N (g CN/m )
Variables used in PCA ordination analysis.

release and N available to forest growth in the
subsequent simulations. In order to have an initial
SOM of 7400 g/m2 (derived from SSURGO) over the
entire vertical proﬁle (1.5 m), we ran the models for
several hundred years until equilibrium for Biome-BGC
and PnET-CN and input initial conditions for
LANDIS-II-Century. In the case of PnET-CN, we were
unable to attain our desired initial values due to two
main reasons: (1) we were not performing site calibrations as part of our premise in using a multimodel,
averaging approach, due to a lack of site-speciﬁc data,
and (2) the disturbance parameters were unable to be
changed within a scenario (i.e., after a spin-up period to
reach desired levels of SOM). We also used the ﬁre
disturbance routines available for CENTURY and
FORECAST to accumulate SOM to the initial amount.
After initialization, we ran the models for 350 yr with
a 50-yr forest harvest rotation period, based on the
typical age at economic maturity in this region (Alban et
al. 1991). For the bole-only harvest scenario, we
harvested stem CN pools in CENTURY and FORECAST. The other three models lacked an explicit stem
component, so instead the bole component is harvested
using a biomass fraction derived from FIA, 70% of the
large wood component in Biome-BGC and LANDIS-IICentury, and 80% of the woody component in PnETCN.
Model outputs and analysis.—Twenty CN state and
ﬂux variables, representing the main CN dynamics and
processes in the forest ecosystem, were summarized from
the models’ output (Table 1). Though ideally we would
be able to compare output of every variable from each

model, the unique conceptual design and processes
included in each model restricted our options. For each
variable, we calculated the average of the models’
outputs, which was employed to examine the long-term
effects of harvesting on forest productivity and CN
states and ﬂuxes. In order to compare how much C was
removed over the six rotations, the harvested biomass
CN was also computed by the models. Effects of
harvesting on N dynamics were determined by evaluating whole amounts of N by states and ﬂuxes during an
entire or half rotation period.
Model performance was compared by principal
components analysis (PCA) ordination in PC-ORD v.6
and ANOVA in SAS v.9.2 (Peck 2010, SAS Institute
2010). Ordination is the method most often used in
ecology to seek and describe patterns among multivariate data (McCune et al. 2002). We applied PCA because
the data have approximately linear relationships among
variables. In the PCA data matrix, rows represented 30
harvest rotations of the ﬁve models (six rotations per
model). Columns were mean values of the 11 variables
(footnoted abbreviations in Table 1). Each column was
relativized to make the units of the attributes comparable. Dissimilarity of the matrix was calculated by
Euclidean distance. Joint plots were generated by
loading the data matrix in both main and secondary
matrices. From the plots, the spatial locations of each
rotation of every model not only revealed how different
the ﬁve models were in multivariate variable space but
also how the model’s positions changed through time
(rotations).
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TABLE 2. Summary of the multimodel mean values across six bole-only harvest rotations in an aspen forest ecosystem.
Rotation
Variable

1

2

3

4

5

6

NPP (g Cm2yr1)
BiomC (g/m2)
StemC (g/m2)
SoilC (g/m2)
LitC (g/m2)
CwdC (g/m2)
VegN (g/m2)
SoilN (g/m2)
LitN (g/m2)
CwdN (g/m22)
Nnetmin (gm2yr1)
Nimmob (gm2yr1)
Nuptake (gm2yr1)
Nleach (gm2yr1)
Nvol (gm2yr1)
Nﬁx (gm2yr1)
Plant respiration (g Cm2yr1)
Photosynthesis (g Cm2yr1)
Heterotrophic respiration (g Cm2yr1)
NUE (g CNm2yr1)

362.46
3903.46
2070.36
6025.36a
206.91a
2463.39a
19.22
327.1a
2.6
10.67
4.19a
7.96a
5.16
0.28
0.35a
0.28
214.81
571.23
311.3a
74.56

350.77
3879.63
2054.06
5918.11b
188b
2034.09ab
19.38
320.38b
2.4
9.29
3.89b
7.17ab
4.99
0.3
0.3b
0.27
220.96
581.71
284.14b
75.95

341.65
3779.47
2003.16
5814.29c
188.45b
1922.57b
18.94
316.03c
2.43
9
3.71c
6.98b
4.82
0.25
0.29b
0.27
212.03
557.11
273.55bc
75.83

337.01
3777.75
2000.35
5745.95d
187.24b
1872.21b
18.84
313.39d
2.42
8.84
3.6d
6.86b
4.72
0.23
0.28b
0.27
207.75
544.84
266.85bc
76.1

333.81
3695
1958.49
5700.57e
186.54b
1840.98b
18.48
311.96e
2.41
8.77
3.53de
6.71b
4.65
0.22
0.28b
0.27
204.45
535.64
262.87bc
76.67

331.67
3751.72
1983.83
5664.9f
186.46b
1815.57b
18.66
310.92e
2.41
8.72
3.48e
6.66b
4.64
0.21
0.27b
0.27
201.57
527.9
255.33c
76.35

Notes: Within a row, different superscript letters a–e indicate means that differ signiﬁcantly among the rotations (P , 0.05 for
Tukey pairwise comparison test). Absence of letters indicates no signiﬁcant differences between rotations. Abbreviations are
deﬁned in Table 1.

ANOVA and Tukey post hoc tests were also applied
to the variables to determine the models’ differences
from each other, from multimodel averages, and to
distinguish the long-term effects of the harvesting
scenario on aspen productivity. Signiﬁcant differences
were evaluated with á ¼ 0.05.
RESULTS
Effects of harvesting on CN pools and ﬂuxes
Effects of harvesting on productivity and CN
dynamics were assessed by calculating the mean values
of output variables from the ﬁve models. Aspen
ecosystem productivity, represented by mean NPP, live
wood biomass C (BiomC), and stem biomass C
(StemC), was not signiﬁcantly different among the six
harvest rotations (Table 2, Fig. 2a, b). NPP gradually
decreased between rotations, with an overall 9% decline
between the ﬁrst and last rotation (Fig. 2a). Within a
rotation, mean annual NPP increased rapidly in the ﬁrst
couple of years, reached a maximum around year 20,
and then declined gradually until the next harvest. Total
mean annual BiomC and StemC (Appendix F) showed
similar patterns, increasing almost linearly within a
rotation. BiomC did not show any signiﬁcant trends but
ﬂuctuated over the rotations (Fig. 2b).
Overall soil organic matter C (SoilC) and N (SoilN)
showed signiﬁcant differences among the rotations
(Table 2, Figs. 2c and 3b). SoilC decreased by 67%,
from 6025 6 1327 g/m2 (mean 6 SD) at the end year of
the ﬁrst rotation to 5664 6 1767 g/m2 in the last year of
the simulation. During the same time period, SoilN
decreased by 5%, from 327 6 209 g/m2 to 311 6 194 g/
m2. Within each rotation, mean annual SoilC and SoilN

accumulated to a peak around the third year as litter
and coarse woody debris (CWD) from harvesting was
incorporated into the soil and then declined quickly due
to decomposition and less inputs from the live components until CN stabilized at about year 15.
Across the rotations, litter C (LitC) was higher in the
ﬁrst rotation (207 gm2rotation1) than the other
rotations (186–188 gm2rotation1), which indicated
an effect of initialization on LitC (Table 2, Fig. 2c, d).
As with C, litter N (LitN) showed a narrow range from
2.4 to 2.6 gm2rotation1 across the rotations (Fig. 3c).
The CN variation in litter within a rotation reﬂected a
dynamic interaction among litter inputs from harvesting, annual litterfall, ﬁne root turnover, and decomposition processes.
Overall coarse woody debris C (CwdC) showed a
signiﬁcant difference with a range of 2463–1816
gm2rotation1 between the ﬁrst and the last four
rotations, which was mainly caused by an elevated
CWD value in PnET-CN and Biome-BGC (Table 2,
Fig. 2e). However, coarse woody debris N (CwdN) was
similar among the rotations with a range of 11–9
gm2rotation1 (Table 2, Fig. 3d). The CwdC and
CwdN patterns over the rotations were similar to each
other with a rapid increase after harvest, followed by a
decline to about year 28, and another increase until
harvest. This pattern differed from the temporal pattern
of LitC, indicating divergent dynamics of decomposition
and input between litter and wood detritus.
Among the N ﬂuxes, even though N mineralization
(Nnetmin) in some rotations was signiﬁcantly different
from other rotations, the mean values over the rotations
changed only slightly from 3.5 to 4.2 gm2rotation1. Of
the 4.3 gm2rotation1 available N, (sum of Nnetmin,
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FIG. 2. Carbon pools and ﬂuxes of an aspen forest ecosystem on glacial outwash plains in Wisconsin managed by bole-only
harvesting every 50 yr. Colored lines represent the results of simulations of the ﬁve models Biome-BGC, CENTURY, FORECAST,
LANDIS-II-Century, and PnET-CN. The black line is the average of all models.

3.5 gm2rotation1; deposition, 0.5 gm2rotation1;
and ﬁxation, 0.3 gm2rotation1), 4.6 gm2rotation1
N were taken up by aspen, 0.24 gm2rotation1 were
leached, and 0.3 gm2rotation1 were volatilized.
Temporally, Nnetmin within a rotation was high initially,
declined quickly to a minimum in about the second year,
increased gradually for 20 yr, and then declined slightly
(Fig. 3e). Nitrogen leaching peaked in the ﬁrst two years,
then gradually decreased to about 0 at year 30 (Fig. 3f ).

The models’ average showed that the C and N
removed by harvesting were high at the ﬁrst harvesting
rotation and gradually decreased through subsequent
harvest events (Appendix G). Harvested C and N at the
ﬁrst cut were 24% and 17% higher than the average
harvested C (3518 g/m2) and N (15 g/m2) across the
remaining rotations. In subsequent harvests, harvested C
and N were only 3% to 5% for C, and 3% to 3% for N.
These differences may imply an effect of initial conditions
on the subsequent CN cycles, in particular, for Biome-
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FIG. 3. Nitrogen pools and ﬂuxes and CN interaction of an aspen forest ecosystem on glacial outwash plains in Wisconsin
disturbed by bole-only harvesting every 50 yr. Colored lines represent the results of simulations of the ﬁve models Biome-BGC,
CENTURY, FORECAST, LANDIS-II-Century, and PnET-CN. The black line is the average of all models.

BGC and PnET-CN. Temporal patterns of the remaining
CN states and ﬂuxes are described in Appendix F.
Effects of harvesting on nitrogen budget
In our simulations, N inputs to the forest ecosystems
occurred through N deposition and nonsymbiotic N
ﬁxations; N exports included N leaching, volatilization,
and harvesting (Fig. 4). Across the initial 50 yr (labeled as 0
in Fig. 4) and the six harvest rotations, N input from
atmospheric wet and dry deposition and N nonsymbiotic
ﬁxation (deposition þ ﬁxation; Fig. 4a) were a constant of
39 g/m2 within each rotation. Together with N minerali-

zation from litter, CWD, and soil, total available mineral N
in soil (Fig. 4a) was the highest (250 gm2rotation1)
before the ﬁrst harvest and then decreased gradually to
210 gm2rotation1 in the last rotation. N depletion
through harvest and volatilization varied slightly across
the rotations, with a range of 14–18 gm2rotation1, and
of 13–17 gm2rotation1, respectively. In contrast, N leaching showed a dramatic increase from 5.4 gm2rotation1 in
the initial rotation to the highest (14.7 gm2rotation1) in
the second rotation, implying signiﬁcant N depletion
through leaching due to harvesting.
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that increased N leaching by 2.8- to 4.3-fold in the
subsequent rotations.
We observed a net N depletion in the aspen ecosystem
across four rotations (Fig. 4c). Nitrogen loss peaked at
the initial rotation and then decreased until the last two
harvests when the losses balanced the inputs. The
reduction was caused by both bole removal and N
leaching. If no harvesting occurred, a positive balance of
N would remain in the ecosystem as the initial rotation
indicated (Fig. 4c). Apparently, leaching contributed to
more N diminution than the removal of boles alone in
this coarse soil system (Fig. 4c).
Model comparison

FIG. 4. Effects of harvesting on N ﬂuxes by (a) rotation
every 50 yr, (b) rotation every 25 yr, and (c) effects of leaching
and harvesting on N geochemical cycle (budget) in the aspen
forest ecosystem. N budget is the difference of N input
(deposition and ﬁxation) and outputs (volatilization, leaching,
and harvesting).

If we divide the N cycle into two 25-yr periods within
a rotation (Fig. 4b), N input, Nnetmin, and volatilization do not noticeably differ between any two periods.
In contrast, N leaching in the ﬁrst 25 yr in the initial
rotations was 1.1 times (0.4–0.7 g/m2) higher than the
subsequent 25-yr period, but harvesting caused a pulse

PnET-CN was unique among the models we compared (ANOVA, P ¼ 0.05). Among the 20 compared
variables, only ﬁve variables simulated by PnET-CN
were similar to other models (i.e., LANDIS-II-Century,
CENTURY, and Biome-BGC). For the remaining
simulations, PnET-CN did not show any signiﬁcant
similarity with the other four models (Table 3). The
other four models possessed similarities in some of the
variables, but not all. Three of the four models showed
nonsigniﬁcant differences among BiomC, StemC, and
Nleach; two of them presented similarities in seven
variables including NPP, CwdC, live wood biomass N
(VegN), SoilN, and CwdN.
Like ANOVA, locations of the models (e.g., B and C)
within the PCA ordination (Fig. 5) also revealed the
unique nature of the models. The PCA reduced the 12
variables to two primary principle components or axes
(Axes 1 and 2) with 71% and 16% variance explained.
For the ﬁve C state and ﬂux variables, four (SoilC, NPP,
BiomC, and StemC) were strongly negatively, and one
(CwdC) positively correlated with Axis 1. Therefore,
Axis 1 could be described as a C or productivity axis,
indicating that models except for PnET-CN simulated
higher productivity but low CWD accumulation on the
forest ﬂoor and C in soil. In addition, N leaching was
most strongly related to Axis 1, indicating less N
leaching was correlated with higher productivity. In
contrast, Axis 2 could be described as an N axis because
of its strongly positive relation to SoilN, Netmin, and N
uptake (Nuptake), and negative relation to N use
efﬁciency (NUE). Though Biome-BGC, CENTURY,
and LANDIS-II-Century simulated similar higher productivity as indicated by Axis 1, Axis 2 showed that the
higher productivity by Biome-BGC was a result of high
SoilN and N supply (Nnetmin and Nuptake). In
contrast, for LANDIS-II-Century, the higher productivity was caused by high NUE. The NUE also played a
strong role in locating FORECAST on the PCA
ordination graph.
The time change vectors, connecting rotations of each
model in ordination space (Fig. 5), provide a visual
comparison of the direction and magnitude of the CN
changes by rotations within a model and among the
models. Overall the vectors indicated that relatively little
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TABLE 3. Predicted values of the variables across the six rotations by the ﬁve models.
Variable
2

Biome-BGC

1

NPP (g Cm yr )
BiomC (g/m2)
StemC (g/m2)
SoilC (g/m2)
LitC (g/m2)
CwdC (g/m2)
VegN (g/m2)
SoilN (g/m2)
LitN (g/m2)
CwdN (g/m22)
Nnetmin (gm2yr1)
Nimmob (gm2yr1)
Nuptake (gm2yr1)
Nleach (gm2yr1)
Nvol (gm2yr1)
Nﬁx (gm2yr1)
Plant respiration (g Cm2yr1)
Photosynthesis (g Cm2yr1)
Heterotrophic respiration (g Cm2yr1)
NUE (g CNm2yr1)

a

394.76
4002.27b
1987.14b
6711.54c
0
1869.47c
17.56c
669.44a
8.47c
4.21b
8.76a
7.36a
0.02c
0.46a
0.23b
282.28a
676.92a
315.43a
53.62d

CENTURY
b

FORECAST
ab

366.44
3562.03b
2134.53ab
6952.43a
250.4a
2080.84b
16.21c
288.93b
2.12b
10.55a
3.41c

376.66
3887.34b
2316.18a
6758.48b
196.15b
1935.68bc
28.35a
290.57b
3.95a
7.81c
3.19d

4.95bc
0c
0.41b
0.2c

3.48de
0.51b

291.45b
73.81c

0.37a

106.81a

LANDIS-II
c

295.04
5410.98a
2365.35a
5935.14d
125.25c
1644.43d
19.99b
196.9c
1.26c
9.42b
2.6e
3.28de
0c
0.02c

241.79c
91.01b

PnET-CN
281.57c
2126.57c
1255.33c
2700.06e
2426.92a
12.5d
137.32d
9.82ab
5.28a
5.35b
5.08bc
0.7a
138.25b
575.67b
254.02c
54.31d

Note: Within a row, different superscript letters a–e indicate means that differ signiﬁcantly among the the models (P , 0.05 for
Tukey pairwise comparison test). Abbreviations are deﬁned in Table 1.

change occurred through multiple harvest rotations
simulated by CENTURY, LANDIS-II-Century, and
Biome-BGC. Differences between the ﬁrst two rotations
simulated by both FORECAST and PnET-CN were
related to large changes in CwdC and N leaching. PnETCN had the most variation between rotations, with
decreases in NuseEff and biomass C through time.
DISCUSSION
Effects of harvesting on productivity and CN interactions
Conventional bole-only harvesting did not signiﬁcantly affect long-term productivity (NPP, BiomC, and
StemC) of aspen across the six rotation periods after the

ﬁrst cut. Since climate is held constant in the simulations, the main factor affecting C assimilation rate and
aspen growth is N dynamics. Mineral N in forest soils
has been recognized to retain greater importance in
predicting the performance of tree crops on very infertile
sites, where NO3 levels are usually very low (Wilson et
al., 2005) and sites with higher mineral N in soil would
have a greater site index (Alban et al. 1991). Our
simulations indicate that after six harvest rotations, 15–
17 gm2rotation1 of N, or 4% of the N capital in the
ecosystem, was depleted through harvesting, leaching,
and volatilization. The 4% is comparable to an average
of 5% removed by bole wood harvested in the forests of

FIG. 5. Model comparison using PCA ordination. The variance explained by Axis 1 and Axis 2 is 71% and 16%, respectively.
Labels B1–B6, C1–C6, F1–F6, L1–L6, and P1–P6 represent the six rotations (1–6) simulated by Biome-BGC, CENTURY,
FORECAST, LANDIS-II-Century, and PnET-CN. Eleven out of 12 variables are displayed with an R 2 cutoff of 0.2. NPP is net
primary production; BiomC is live wood biomass C; StemC is stem biomass C; SoilC/SoilN is soil organic matter C/soil N; CwdC is
coarse woody debris C; Nnetmin is net N mineralization; Nleach is N leaching; NUE is N use efﬁciency; and Nuptake is N uptake.
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the Paciﬁc Northwest of the United States (Edmonds et
al. 1989). Because most nutrient loss can be compensated for by atmospheric inputs, mineral weathering, and N
ﬁxation (Keenan and Kimmins 1993), the bole-only
harvest practice may be inconsequential for aspen
productivity through the rotations. This ﬁnding is
consistent with a previous simulation that high N
leaching (80% NO3 and 71% NH4þ) during the three
years following a bole-only harvest did not affect a
mixed hardwood site productivity over the long term
(Zhu et al. 2003). Titus et al. (2006) reported that both
N removed in boles and N leaching within ﬁve years
after harvesting old-growth forest dominated by Paciﬁc
silver ﬁr (Abies amabilis) and western hemlock (Tsuga
heterophylla) in the coastal mountains of British
Columbia did not have a major impact on site
productivity. Even increases in soil N availability after
harvesting only slightly increased seedling foliar N
concentrations for two to four years after logging before
decreasing to below deﬁciency thresholds (Titus et al.
2006).
In addition, our simulations imply that if a moderate
reduction of N deposition occurs in the future, the
variation would not undermine our ﬁndings for boleonly harvesting impacts on aspen production. The
reason is that N wet and dry depositions constitute only
13% of available N, but N net mineralization in SOM
and litter pools supplies 80% of available N in the aspen
forest ecosystem. The remaining 7% is from nonsymbiotic N ﬁxation.

inputs and SOM are recognized to play a secondary role
in determining SOM residence times. The complex
interactions between organic matter and its environment, such as climate and the presence of potential
degraders in the immediate microenvironment, may be
the most important determinants of decomposition rates
(Schmidt et al. 2011).
For the four models with multiple SOM pools
(Appendix A), simulated SoilC is not signiﬁcantly
different between Biome-BGC and FORECAST, but is
different from those simulated by the other two models
(Table 2). The soil N modeled by CENTURY and
FORECAST are similar but signiﬁcantly different from
those of Biome-BGC and LANDIS-II-Century. The
four models also produced signiﬁcantly different rates of
heterotrophic respiration, with values ranging from 242–
315 g Cm2yr1. Biome-BGC and CENTURY have
the highest values of soil N and heterotrophic respiration among the models. Structurally, this could be
because of various algorithms describing decomposition
rate, C:N ratio, and ﬂow paths of litter and CWD to the
soil pools (Appendix B, C, and E). CENTURY and
LANDIS-II-Century have the same SOM pools, but
simulated SoilC differed, indicating a different relative
contribution of litter and CWD input to soil. The high
SoilN accumulation simulated by Biome-BGC could be
because of higher N immobilization (Appendix F) in the
two soil pools with low decomposition rates (0.0014 and
0.0001), as compared to CENTURY’s passive pool
(0.0009).

Soil CN dynamics vs. model structure

Multiple model simulation and evaluation

SoilC and SoilN storage signiﬁcantly decreased across
the rotations (Table 2). Heterotrophic respiration also
declined across the rotations, indicating that soil
microbial activity was signiﬁcantly lower after the initial
two rotations. The diminution could be because of
dwindling organic matter input, fast decomposition, or
the models’ structure in representing SOM (Appendix
A). SOM is composed of a variety of pools with different
decomposition rates, and nutrient and C contents
(Pineiro et al., 2006), however, PnET-CN represents
soil as a single layer containing a single organic matter
compartment that turns over at a moderate rate. In
contrast, the other models partition SOM into different
CN pools, which then decompose at various rates. For
instance, in CENTURY, turnover rates of SOM in fast,
slow, and passive pools were hypothesized as 2–5 years,
50 years, and 2000 years. The slow rate of C turnover in
the passive pool apparently made the model less
sensitive than PnET-CN. In addition, the current models
hypothesize that allocation of SOM to the various pools
is based on chemical properties of input substrates (e.g.,
lignin vs. nonlignin or C:N), and SOM decay rate is
controlled by maximum decomposition rate and affected
by soil temperature, moisture, and texture (Appendix
A). However, recently, some of these assumptions have
been questioned because molecular structure of plant

Simulation.—The multimodel approach provides a
way to evaluate uncertainties in model predictions and
individual model structures (Li and Wu 2006, Knutti et
al. 2010). This approach is particularly useful when the
predictions cannot be validated (Oreskes et al. 1994), as
when we do deductive modeling without historical data
(Beven 2009). A large beneﬁt of a multimodel approach
is seen when the performance of all aspects (variables) of
the simulation are considered. The beneﬁt is caused not
only by error compensation but in particular by the
greater consistency and reliability of multiple models
(Hagedorn et al. 2005). A multimodel approach may
cancel or reduce the inﬂuences related to model
structure, as different models have different structures.
Each of the ﬁve models we used has been widely
evaluated, and all are recognized as reliable models in
simulating forest ecosystem CN dynamics (Blanco et al.
2007, Johnson et al. 2010, Peckham and Gower 2011). A
simulation with these models and indirect evidence of
the advantage of using a multimodel approach over
individual models raises our conﬁdence in using the
models’ averages to evaluate effects of harvesting on CN
dynamics.
Model comparison.—Differences in the models’ output variables have revealed important consequences of
model algorithms and structures, such as the PnET-
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CN simulation of SoilC, the Biome-BGC and
LANDIS-II-Century simulations of SoilN, and the
LANDIS-II-Century simulation of CN interactions
(Figs. 2c and 3b, Appendix F: Fig. F1h). As mentioned
in Methods, our inability to perform a model spin-up
to the desired initial conditions for SOM due to limited
disturbance parameters resulted in very different
starting conditions for the PnET-CN simulation that
had sustained consequences throughout the harvest
scenario. This is less an evaluation of the accuracy and
usefulness of the PnET-CN model than a consequence
of some operational inﬂexibility in the model. In our
case, one point of the study was to use a group of wellvalidated models without detailed calibration of each.
One point being that to do such calibration on a suite
of models, the required time and resources needed
collectively would make the multimodel approach
infeasible.
Forests are conceptually represented by different CN
pools in each model (Appendix A). Since tree components (branches, stems, coarse roots) differ in N
concentration and rates of decomposition, the amount
of net N released will vary based on how the
components are allocated to pools in each model
(Abbott and Crossley 1982, Silver and Miya 2001,
Rytter 2002, Shorohova et al. 2008, Melin et al. 2009).
Therefore, the combination of branch with stem (e.g.,
LANDIS-II-Century and Biome-BGC) and with coarse
roots (PnET-CN) into one component would affect the
N cycle and subsequent forest productivity. FORECAST separates stem wood from bark, branches, and
foliage, three pools with high N concentrations; this
structure could explain why FORECAST has the
highest values of VegN and LitN (Fig. 3a, c).
The allocation scheme is not only a process to allocate
photosynthesis carbohydrate to the tree components but
also to allocate N, depending on C:N ratio. In response
to increasing water and nutrient stress in forests, trees
have been observed to decrease the proportional
allocation of C to foliage and stems while greatly
increasing the absolute allocation of C to ﬁne roots
(Makela et al. 2008, Ryan et al. 2010, Dybzinski et al.
2011). Among the models we used, PnET-CN and
LANDIS-II-Century allocate C to the components at
ﬁxed rates, regardless of water or temperature stress. In
contrast, the allocations in CENTURY and BiomeBGC are dynamic processes in response to water or
nutrient availability. For our nutrient-poor and welldrained soil, water stress and nutrient limitations are
possible. Therefore, CENTURY and Biome-BGC will
incorporate and reﬂect the effects of site conditions on
productivity and consequently other CN states and
dynamics of the system.
Except for C:N ratio dependence, carbon allocation
to different components varies by age (Ericsson et al.
1996). Aspen forests sprout after cutting and grow
quickly during the ﬁrst couple of years after harvesting
(Peterson and Peterson 1992) by root suckering from
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lateral roots. Usually, 20 000 suckers/ha is a modest
density in the ﬁrst year; but there is a very rapid
reduction (e.g., 80%) in the density in the ﬁrst ﬁve years
(Peterson and Peterson 1992). As early as ﬁve years
postharvest, diameter at breast height (dbh) of the
suckers could surpass 2.5 cm (Alban et al. 1991). Along
with the root sprouting, a high NPP is expected in the
ﬁrst couple of years and in the ﬁrst/second year leaf area
index of aspen could reach half of the maximum (E.
Kruger, personal communication). Among these models,
dynamic C allocation against stand age, similar to
CENTURY, caught aspens’ fast growth property in the
early years. In contrast, PnET-CN’s allocation approach
(requiring a minimum wood production) apparently
contributes to the low productivity in the same period of
time.
CWD and SOM are the other major source of
available N in forest ecosystems besides N input from
atmospheric deposition and ﬁxation and N mineralization from litter decomposition. Decomposition and N
release from these pools are determined by initial
chemical composition (e.g., lignin) or C:N ratio and
environmental condition of temperature, humidity, and
soil temperature and water content (Cisneros-Dozal et
al. 2007, Manzoni et al. 2008, Karhu et al. 2010). In
modeling the decomposition process in our study
(Appendix A), even for the same type of litter, different
models employ various approaches to determine how
the litter and detritus decompose, which could be one of
the reasons why the models are different in LitC, LitN,
and N availability to aspen growth. In addition, BiomeBGC was initially designed for simulating general forest
types. For simulation at the species level, an adjustable
decomposition rate would be preferable as used in the
other four models.
There are limitations to our simulations, such as that
the versions of the models we used are unable to
simulate reproduction by sprouting. Only the KLAI
parameter in CENTURY and LANDIS-Century, large
wood mass (g C/m2) at which half of theoretical
maximum leaf area is achieved, can partially simulate
the sprouting process. In addition, we did not address
other nutrients (e.g., P), climate change, rotation period,
or equipment utilization (Keenan and Kimmins 1993,
Stone and Elioff 2000, Brais 2001, Miller et al. 2004,
Bockheim et al. 2005). Interactions among different
species may also affect the short- and long-term CN
cycles in forest ecosystem and deserve to be explored
further.
CONCLUSIONS
Impacts of harvesting on long-term forest productivity and CN interactions have been extensively studied
for decades. Simulation modeling is recognized as a
ﬂexible approach in exploring how harvesting affects
forest ﬂoor and soil CN states and ﬂuxes and then how
these in turn interact with forest growth over long time
periods. Through multimodel simulations, we did not
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ﬁnd signiﬁcant impacts of conventional bole-only
harvesting with a 50-yr rotation period on long-term
productivity of aspen. This could be because N removals
from timber extraction (4% of the capital) and increased
N leaching caused by harvesting were not signiﬁcant
enough to decrease long-term productivity. Site productivity was maintained even though harvesting reduced
soil CN. The fraction of N loss caused by harvesting
could be replenished by geochemical N input including
deposition and nonsymboitic N ﬁxation and due to all
branch compartment wood being retained on site.
In our multimodel approach, outputs generally
differed among models. Some model outputs were
noticeable outliers compared to the mean values of the
ﬁve model outputs and their temporal patterns. Each
model simulates ecosystem CN processes differently.
CENTURY was most similar to the multimodel mean,
while FORECAST and PnET-CN differed more from
the multimodel mean than the other models evaluated.
A multimodel approach is a robust option when
sufﬁcient long-term ﬁeld observations of all CN
processes for calibration and evaluation for an individual model are lacking. In addition, a multimodel
comparison provides a way to evaluate individual
models, how and why they agree or disagree, through
which to amend the models and improve their performance.
ACKNOWLEDGMENTS
We are grateful for support from the Wisconsin Department
of Natural Resources Bureau of Science Services, and Division
of Forestry; the University of Wisconsin–Madison College of
Agricultural and Life Sciences, and the University of Wisconsin–Madison Wisconsin Energy Institute. We beneﬁtted from
assistance and comments from Bill Parton (CENTURY), Scott
Ollinger, Peter Reich, Zaixing Zhou, Emily Peters, Kirk
Wythers, and John Aber (PnET-CN), Brad Seely and Hamish
Kimmins (FORECAST), Eric Kruger, Scott Bowe, and the
Forest Landscape Ecology Lab members; and in particular,
Feng Liu for assistance with ordination analysis.
LITERATURE CITED
Aber, J. D., and C. T. Driscoll. 1997. Effects of land use,
climate variation, and N deposition on N cycling and C
storage in northern hardwood forests. Global Biogeochemical Cycles 11:639–648.
Aber, J. D., and C. A. Federer. 1992. A generalized, lumpedparameter model of photosynthesis, evapotranspiration and
net primary production in temperate and boreal forest
ecosystems. Oecologia 92:463–474.
Aber, J. D., S. V. Ollinger, and C. T. Driscoll. 1997. Modeling
nitrogen saturation in forest ecosystems in response to land
use and atmospheric deposition. Ecological Modelling
101:61–78.
Abbott, D. T., and D. A. Crossley. 1982. Woody litter
decomposition following clear-cutting. Ecology 63:35–42.
Alban, D. H., D. A. Perala, M. F. Jurgensen, M. E. Ostry, and
J. R. Probst. 1991. Aspen ecosystem properties in the upper
Great Lakes Research Paper NC-300. USDA Forest Service
North Central Forest Experiment Station, Saint Paul,
Minnesota.
Beven, K. 2009. Environmental modelling: an uncertain future?
Routledge, New York, New York, USA.

Ecological Applications
Vol. 24, No. 6

Blanco, J. A., B. Seely, C. Welham, J. P. Kimmins, and T. M.
Seebacher. 2007. Testing the performance of a forest
ecosystem model (FORECAST) against 29 years of ﬁeld
data in a Pseudotsuga menziesii plantation. Canadian Journal
of Forest Research 37:1808–1820.
Bockheim, J. G., H. Park, and J. Gallagher. 2005. Genotypic
variation and recovery of Populus tremuloides from biomass
removal and compaction in northern Wisconsin, USA.
Canadian Journal of Forest Research 35:221–228.
Bond-Lamberty, B., S. T. Gower, and D. E. Ahl. 2007.
Improved simulation of poorly drained forests using Biome-BGC. Tree Physiology 27:703–715.
Bond-Lamberty, B., S. T. Gower, D. E. Ahl, and P. E.
Thornton. 2005. Reimplementation of the Biome-BGC
model to simulate successional change. Tree Physiology
25:413–424.
Brais, S. 2001. Persistence of soil compaction and effects on
seedling growth in Northwestern Quebec. Soil Science
Society of America Journal 65:1263–1271.
Cisneros-Dozal, L. M., S. E. Trumbore, and P. J. Hanson.
2007. Effect of moisture on leaf litter decomposition and its
contribution to soil respiration in a temperate forest. Journal
of Geophysical Research—Biogeosciences 112:G01013.
Dybzinski, R., C. Farrior, A. Wolf, P. B. Reich, and S. W.
Pacala. 2011. Evolutionarily stable strategy carbon allocation
to foliage, wood, and ﬁne roots in trees competing for light
and nitrogen: an analytically tractable, individual-based
model and quantitative comparisons to data. American
Naturalist 177:153–166.
Dyck, W. J., and D. W. Cole. 1994. Strategies for determining
consequences of harvesting and associated practices on longterm productivity. Pages 14–40 in W. J. Dyck, D. W. Cole,
and N. B. Comerford, editors. Impacts of forest harvesting
on long-term site productivity. Chapman and Hall, London,
UK.
Edmonds, R. L., D. Binkley, M. C. Feller, P. Sollins, A. Albee,
and D. D. Myrold. 1989. Nutrient cycling: effects on
productivity of Northwest forests. Pages 17–35 in D. A.
Perry, R. Meurisse, B. Thomas, R. Miller, J. Boyle, J. Means,
C. R. Perry, and R. F. Powers, editors. Maintaining the longterm productivity of Paciﬁc Northwest forest ecosystems.
Timber Press, Portland, Oregon, USA.
Eisenbies, M. H. 2006. Long-term timber productivity research
on intensively managed pine forests of the South. Page 245 in
L. C. Irland, A. E. Camp, J. C. Brissette, and Z. R.
Donohew, editors. Long-term silvicultural and ecological
studies results for science and management. Global Institute
of Sustainable Forestry, School of Forestry and Environmental Studies, Yale University, New Haven, Connecticut,
USA.
Ericsson, T., L. Rytter, and E. Vapaavuori. 1996. Physiology of
carbon allocation in trees. Biomass and Bioenergy 11:115–
127.
Forest Inventory and Analysis Program. 2010. Forest Inventory Analysis (FIA) database description and user’s manual for
phase 2, version 4.0, revision 3. Forest Inventory and
Analysis Program, USDA, Forest Service, Arlington, Virginia, USA.
Grossmann, E. B., and D. J. Mladenoff. 2008. Farms, ﬁres, and
forestry: disturbance legacies in the soils of the Northwest
Wisconsin (USA) Sand Plain. Forest Ecology and Management 256:827–836.
Hagedorn, R., F. J. Doblas-Reyes, and T. N. Palmer. 2005.
The rationale behind the success of multimodel ensembles
in seasonal forecasting. I. Basic concept. Tellus A 57:219–
233.
Hanson, P. J., et al. 2004. Oak forest carbon and water
simulations: model intercomparisons and evaluations against
independent data. Ecological Monographs 74:443–489.

September 2014

SIMULATIONS OF FOREST HARVESTING EFFECTS

He, H. S., and D. J. Mladenoff. 1999. Spatially explicit and
stochastic simulation of forest-landscape ﬁre disturbance and
succession. Ecology 80:81–99.
Hessl, A. E., C. Milesi, M. A. White, D. L. Peterson, and R. E.
Keane. 2004. Ecophysiological parameters for Paciﬁc Northwest trees. PNW-GTR-618. USDA Forest Service, Paciﬁc
Northwest Research Station, Portland, Oregon, USA.
Holland, E. A., B. H. Braswell, J. M. Sulzman, and J.-F.
Lamarque. 2005. Nitrogen deposition onto the United States
and Western Europe. Oak Ridge National Laboratory
Distributed Active Archive Center, Oak Ridge, Tennessee,
USA. http://dx.doi.org/10.3334/ORNLDAAC/730
IPCC 2007. 2007. Climate change 2007: the physical science
basis. Contribution of Working Group I to the 4th
Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge,
UK.
Johnson, D. W. 1994. Reasons for concern over impacts of
harvesting. Pages 1–12 in W. J. Dyck, D. W. Cole, and N. B.
Comerford, editors. Impacts of forest harvesting on longterm site productivity. Chapman & Hall, London, UK.
Johnson, D. W., and P. S. Curtis. 2001. Effects of forest
management on soil C and N storage: meta analysis. Forest
Ecology and Management 140:227–238.
Johnson, D. W., J. D. Knoepp, W. T. Swank, J. Shan, L. A.
Morris, D. H. Van Lear, and P. R. Kapeluck. 2002. Effects
of forest management on soil carbon: results of some longterm resampling studies. Environmental Pollution 116:
S201–S208.
Johnson, K., F. N. Scatena, and Y. D. Pan. 2010. Short- and
long-term responses of total soil organic carbon to harvesting
in a northern hardwood forest. Forest Ecology and
Management 259:1262–1267.
Jones, H. S., P. N. Beets, M. O. Kimberley, and L. G. Garrett.
2011. Harvest residue management and fertilisation effects on
soil carbon and nitrogen in a 15-year-old Pinus radiata
plantation forest. Forest Ecology and Management 262:339–
347.
Jurgensen, M. F., A. E. Harvey, R. T. Graham, D. S. PageDumroese, J. R. Tonn, M. J. Larsen, and T. B. Jain. 1997.
Impacts of timber harvesting on soil organic matter,
nitrogen, productivity, and health of Inland Northwest
forests. Forest Science 43:234–251.
Karhu, K., H. Fritze, M. Tuomi, P. Vanhala, P. Spetz, V.
Kitunen, and J. Liski. 2010. Temperature sensitivity of
organic matter decomposition in two boreal forest soil
proﬁles. Soil Biology and Biochemistry 42:72–82.
Keenan, R. J., and J. P. Kimmins. 1993. The ecological effects
of clear-cutting. Environmental Reviews 1:121–144.
Kimmins, J. P., C. Cazal, C. Messier, J. Karakatsoulis, K. A.
Scoullar, and M. J. Apps. 1990. FORCYTE and FORECAST: Ecosystem-level management models with which to
examine the yield, economic, energy and wildlife implications
of vegetation management as a component of rotation-length
silvicultural systems. Department of Forest Sciences, University of British Columbia, Vancouver, Canada.
Kimmins, J. P., D. Mailly, and B. Seely. 1999. Modelling forest
ecosystem net primary production: the hybrid simulation
approach used in FORECAST. Ecological Modelling
122:195–224.
Knutti, R., R. Furrer, C. Tebaldi, J. Cermak, and G. A. Meehl.
2010. Challenges in combining projections from multiple
climate models. Journal of Climate 23:2739–2758.
Law, B. E., P. E. Thornton, J. Irvine, P. M. Anthoni, and S.
Van Tuyl. 2001. Carbon storage and ﬂuxes in ponderosa pine
forests at different developmental stages. Global Change
Biology 7:755–777.
Makela, A., H. T. Valentine, and H. S. Helmisaari. 2008.
Optimal co-allocation of carbon and nitrogen in a forest
stand at steady state. New Phytologist 180:114–123.

1387

Manzoni, S., R. B. Jackson, J. A. Trofymow, and A.
Porporato. 2008. The global stoichiometry of litter nitrogen
mineralization. Science 321:684–686.
McCune, B., J. B. Grace, and D. L. Urban. 2002. Analysis of
ecological communities. MjM Software Design, Gleneden
Beach, Oregon, USA.
McGuire, A. D., J. M. Melillo, L. A. Joyce, D. W. Kicklighter,
A. L. Grace, B. Moore III, and C. J. Vorosmarty. 1992.
Interactions between carbon and nitrogen dynamics in
estimating net primary productivity for potential vegetation
in North America. Global Biogeochemical Cycles 6:101–124.
Melin, Y., H. Petersson, and T. Nordfjell. 2009. Decomposition
of stump and root systems of Norway spruce in Sweden—a
modelling approach. Forest Ecology and Management
257:1445–1451.
Miller, R. E., S. R. Colbert, and L. A. Morris. 2004. Effects of
heavy equipment on physical properties of soils and on longterm productivity: a review of literature and current research.
Technical Bulletin No. 887. National Council for Air and
Stream Improvement (NCASI), Research Triangle Park,
North Carolina, USA.
Mladenoff, D. J., and H. S. He. 1999. Design, behavior and
application of LANDIS, an object-oriented model of forest
landscape disturbance and succession. Pages 125–162 in D. J.
Mladenoff and W. L. Baker, editors. Spatial modeling of
forest landscape change: approaches and applications. Cambridge University Press, Cambridge, UK.
Mladenoff, D. J., G. E. Host, J. Boeder, and T. R. Crow. 1996.
LANDIS: a spatial model of forest landscape disturbance,
succession, and management. Pages 175–180 in M. F.
Goodchild, L. T. Steyaert, B. O. Parks, C. Johnston, D.
Maidment, M. Crane, and S. Glendining, editors. GIS and
environmental modeling. GIS World Books, Fort Collins,
Colorado, USA.
Morrison, I. K., and N. W. Foster. 1979. Biomass and element
removal by complete-tree harvesting of medium rotation
forest stands. Pages 111–129 in Impact of intensive harvesting
on forest nutrient cycling. College of Environmental Science
and Forestry, Syracuse, New York, USA.
Morrison, I. K., N. W. Foster, and P. W. Hazlett. 1993. Carbon
reserves, carbon cycling, and harvesting effects in three
mature forest types in Canada. New Zealand Journal of
Forestry Science 23:403–412.
Nave, L. E., E. D. Vance, C. W. Swanston, and P. S. Curtis.
2010. Harvest impacts on soil carbon storage in temperate
forests. Forest Ecology and Management 259:857–866.
Olsson, B. A., H. Staaf, H. Lundkvist, J. Bengtsson, and K.
Rosen. 1996. Carbon and nitrogen in coniferous forest soils
after clear-felling and harvests of different intensity. Forest
Ecology and Management 82:19–32.
Oreskes, N., K. Shraderfrechette, and K. Belitz. 1994.
Veriﬁcation, validation, and conﬁrmation of numerical
models in the earth sciences. Science 263:641–646.
Parton, W. J. 1996. Ecosystem model comparisons: science or
fantasy world? Pages 133–142 in D. S. Powlson, P. Smith,
and J. U. Smith, editors. Evaluation of soil organic matter
models. Springer-Verlag, Berlin, Germany.
Parton, W. J., D. S. Schimel, C. V. Cole, and D. S. Ojima. 1987.
Analysis of factors controlling soil organic matter levels in
Great Plains grasslands. Soil Science Society of America
Journal 51:1173–1179.
Parton, W. J., J. W. B. Stewart, and C. V. Cole. 1988.
Dynamics of C, N, P and S in grassland soils—a model.
Biogeochemistry 5:109–131.
Peck, J. E. 2010. Multivariate analysis for community
ecologists: step-by-step using PC-ORD. MjM Software
Design, Gleneden Beach, Oregon, USA.
Peckham, S. D., and S. T. Gower. 2011. Simulated long-term
effects of harvest and biomass residue removal on soil carbon
and nitrogen content and productivity for two Upper Great

1388

FUGUI WANG ET AL.

Lakes forest ecosystems. Global Change Biology Bioenergy
3:135–147.
Peterson, E. B., and N. M. Peterson. 1992. Ecology, management, and use of aspen and balsam poplar in the prairie
provinces. Forestry Canada, Northwest Region, Northern
Forestry Centre, Edmonton, Alberta, Canada.
Pianeiro, G., M. Oesterheld, W. B. Batista, and J. M. Paruelo.
2006. Opposite changes of whole-soil vs. pools C:N ratios: a
case of Simpson’s paradox with implications on nitrogen
cycling. Global Change Biology 5:804–809.
Pietsch, S. A., and H. Hasenauer. 2006. Evaluating the selfinitialization procedure for large-scale ecosystem models.
Global Change Biology 12:1658–1669.
Radeloff, V. C., D. J. Mladenoff, H. S. He, and M. S. Boyce.
1999. Forest landscape change in the northwestern Wisconsin
Pine Barrens from pre-European settlement to the present.
Canadian Journal of Forest Research 29:1649–1659.
Running, S. W., and J. C. Coughlan. 1988. A general model of
forest ecosystem processes for regional applications. I.
Hydrologic balance, canopy gas exchange and primary
production processes. Ecological Modelling 42:125–154.
Running, S. W., and R. E. Hunt. 1993. Generalization of a
forest ecosystem process model for other biomes, BIOMEBGC, and an application for global-scale models. Pages 141–
158 in J. R. Ehleringer and C. B. Field, editors. Scaling
physiologic processes: leaf to globe. Academic Press, San
Diego, California, USA.
Ryan, M. G., et al. 2010. Factors controlling Eucalyptus
productivity: how water availability and stand structure alter
production and carbon allocation. Forest Ecology and
Management 259:1695–1703.
Rytter, L. 2002. Nutrient content in stems of hybrid aspen as
affected by tree age and tree size, and nutrient removal with
harvest. Biomass Bioenergy 23:13–25.
Sanford, R. L., W. J. Parton, D. S. Ojima, and D. J. Lodge.
1991. Hurricane effects on soil organic matter dynamics and
forest production in the Luquillo Experimental Forest,
Puerto Rico: results of simulation modeling. Biotropica
23:364–372.
SAS Institute. 2010. SAS 9.2 Help and Documentation. SAS
Institute, Cary, North Carolina, USA.
Scheller, R. M., J. B. Domingo, B. R. Sturtevant, J. S. Williams,
A. Rudy, E. J. Gustafson, and D. J. Mladenoff. 2007. Design,
development, and application of LANDIS-II, a spatial
landscape simulation model with ﬂexible temporal and
spatial resolution. Ecological Modelling 201:409–419.
Scheller, R. M., D. Hua, P. V. Bolstad, R. A. Birdsey, and D. J.
Mladenoff. 2011. The effects of forest harvest intensity in
combination with wind disturbance on carbon dynamics in
Lake States Mesic Forests. Ecological Modelling 222:144–
153.
Scheller, R. M., A. M. Kretchun, S. V. Tuyl, K. L. Clark, M.
Lucash, and J. Hom. 2012. Divergent carbon dynamics under
climate change in the New Jersey Pine Barrens, USA.
Ecosphere 3:art110.
Scheller, R. M., and D. J. Mladenoff. 2004. A forest growth and
biomass module for a landscape simulation model, LANDIS:
design, validation, and application. Ecological Modelling
180:211–229.
Scheller, R. M., and D. J. Mladenoff. 2005. A spatially
interactive simulation of climate change, harvesting, wind,
and tree species migration and projected changes to forest
composition and biomass in northern Wisconsin, USA.
Global Change Biology 11:307–321.
Schmidt, M. W. I., et al. 2011. Persistence of soil organic matter
as an ecosystem property. Nature 478:49–56.
Seely, B., C. Welham, and J. A. Blanco. 2010. Towards the
application of soil organic matter as an indicator of forest
ecosystem productivity: deriving thresholds, developing

Ecological Applications
Vol. 24, No. 6

monitoring systems, and evaluating practices. Ecological
Indicators 10:999–1008.
Seely, B., C. Welham, and H. Kimmins. 2002. Carbon
sequestration in a boreal forest ecosystem: results from the
ecosystem simulation model, FORECAST. Forest Ecology
and Management 169:123–135.
Shorohova, E., E. Kapitsa, and I. Vanha-Majamaa. 2008.
Decomposition of stumps 10 years after partial and complete
harvesting in a southern boreal forest in Finland. Canadian
Journal of Forest Research 38:2414–2421.
Silver, W. L., and R. K. Miya. 2001. Global patterns in root
decomposition: comparisons of climate and litter quality
effects. Oecologia 129:407–419.
Son, Y. 2001. Non-symbiotic nitrogen ﬁxation in forest
ecosystems. Ecological Research 16:183–196.
Stone, D. M. 2002. Logging options to minimize soil
disturbance in the northern Lake States. Northern Journal
of Applied Forestry 19:115–121.
Stone, D. M., and J. D. Elioff. 2000. Soil disturbance and aspen
regeneration on clay soils: three case histories. Forestry
Chronicle 76:747–752.
Thiffault, E., K. D. Hannam, D. Pare, B. D. Titus, P. W.
Hazlett, D. G. Maynard, and S. Brais. 2011. Effects of forest
biomass harvesting on soil productivity in boreal and
temperate forests—a review. Environmental Reviews
19:278–309.
Thornton, P. E. 1998. Regional ecosystem simulation: combining surface- and satellite-based observations to study linkages
between terrestrial energy and mass budgets. Dissertation.
University of Montana, Missoula, Montana, USA.
Thornton, P. E., et al. 2002. Modeling and measuring the
effects of disturbance history and climate on carbon and
water budgets in evergreen needleleaf forests. Agricultural
and Forest Meteorology 113:185–222.
Thornton, P. E., and N. A. Rosenbloom. 2005. Ecosystem
model spin-up: estimating steady state conditions in a
coupled terrestrial carbon and nitrogen cycle model. Ecological Modelling 189:25–48.
Thornton, P. E., and S. W. Running. 1999. An improved
algorithm for estimating incident daily solar radiation from
measurements of temperature, humidity, and precipitation.
Agricultural and Forest Meteorology 93:211–228.
Tiarks, A. E., M. A. Buford, R. F. Powers, J. F. Ragus, D. S.
Page-Dumroese, F. Ponder, Jr., and D. M. Stone. 1997.
Communicating the role of silviculture in managing the
national forests. Pages 140–147 in Proceedings of the
National Silviculture Workshop, Warren, Pennsylvania.
General Technical Report NE-238. USDA, Forest Service,
Northeastern Forest Experiment Station, Radner, Pennsylvania, USA.
Titus, B.D., et al. 2006. Post-harvest nitrogen cycling in clearcut
and alternative silvicultural systems in a montane forest in
coastal British Columbia. Forestry Chronicle 82:844–859.
Walmsley, J. D., D. L. Jones, B. Reynolds, M. H. Price, and
J. R. Healey. 2009. Whole tree harvesting can reduce second
rotation forest productivity. Forest Ecology and Management 257:1104–1111.
Wei, X., J. P. Kimmins, and G. Zhou. 2003. Disturbances and
the sustainability of long-term site productivity in lodgepole
pine forests in the central interior of British Columbia—an
ecosystem modeling approach. Ecological Modelling
164:239–256.
Welham, C., K. Van Rees, B. Seely, and H. Kimmins. 2007.
Projected long-term productivity in Saskatchewan hybrid
poplar plantations: weed competition and fertilizer effects.
Canadian Journal of Forest Research 37:356–370.
White, M. A., P. E. Thornton, S. W. Running, and R. R.
Nemani. 2000. Parameterization and sensitivity analysis of
the BIOME-BGC terrestrial ecosystem model: net primary
production controls. Earth Interactions 4:1–85.

September 2014

SIMULATIONS OF FOREST HARVESTING EFFECTS

Wilson, S. M., D. G. Pyatt, D. Ray, D. C. Malcolm, and T.
Connolly. 2005. Indices of soil nitrogen availability for an
ecological site classiﬁcation of British forests. Forest Ecology
and Management 220:51–65.
Wisconsin Department of Natural Resources. 1999. Northwest
sands ecological landscape. http://dnr.wi.gov/topic/landscapes/
Zhang, C. F., F. R. Meng, J. S. Bhatti, J. A. Trofymow, and
P. A. Arp. 2008. Modeling forest leaf-litter decomposition

1389

and N mineralization in litterbags, placed across Canada: a 5model comparison. Ecological Modelling 219:342–360.
Zhu, Z. X., P. A. Arp, F. R. Meng, C. P. A. Bourque, and
N. W. Foster. 2003. A forest nutrient cycling and biomass
model (ForNBM) based on year-round, monthly weather
conditions. Part II: Calibration, veriﬁcation, and application.
Ecological Modelling 170:13–27.

SUPPLEMENTAL MATERIAL
Appendix A
Comparisons of states and processes simulated by CENTURY, Biome-BGC, and PnET-CN, LANDIS-II-Century extension
(LANDIS-Century), and FORECAST (Ecological Archives A024-082-A1).
Appendix B
CENTURY parameters (Ecological Archives A024-082-A2).
Appendix C
LANDIS-II with Century Succession extension parameters (Ecological Archives A024-082-A3).
Appendix D
PnET-CN parameters (Ecological Archives A024-082-A4).
Appendix E
Biome-BGC parameters (Ecological Archives A024-082-A5).
Appendix F
CN states and cycles in an aspen forest ecosystem on glacial outwash plains in Wisconsin disturbed by bole-only harvesting every
50 yr (Ecological Archives A024-082-A6).
Appendix G
(a) Harvested C and (b) N simulated by the ﬁve models. Bars illustrate average of the ﬁve models (A), Biome-BGC (B),
CENTURY (C), FORECAST (F), LANDIS-II-Century (L), and PnET-CN (P) (Ecological Archives A024-082-A7).

